A novel efficient method has been developed for covalently linking Peptide Nucleic Acid (PNA) oligomers and superparamagnetic iron oxide nanoparticles (SPION), to produce water soluble hybrid nanomaterials that can act as MRI contrast agents, as hyperthermia promoters and as PNA carriers. The multistep procedure involves:
Introduction
The high current interest in the uses of multifunctional superparamagnetic iron oxide nanoparticles (SPION) in nanomedicine 1 derives from their sensing, moving and heating abilities, imparted by their unique magnetic properties. The most common application is the use as contrast agents for magnetic resonance imaging (MRI).
1b,2 In addition, in the presence of SPION, by means of an external ac magnetic eld it is also possible to induce local release of heat to the surrounding tissues, which can be exploited as a cancer therapy treatment called Magnetic Fluid Hyperthermia (MFH). 3 Currently, MFH is under clinical testing associated with radiotherapy for the treatment of several tumours. 4 Other important applications consist in cell labelling, separation and tracking 5 and delivery of drugs and genes. 6 The last application is particularly useful for preserving labile therapeutic species or for improving their bioavailability.
Peptide nucleic acids (PNAs) 7 are synthetic polyamide mimics of natural DNA and RNA, in which the (desoxy)ribosephosphate backbone is replaced by N-(2-aminoethyl)glycyl neutral repeating units (Chart 1). The nucleobases, linked to the backbone through methylencarbonyl linkers, lie at the right distance to pair with the nucleobases of natural DNA or RNA single strand, with high affinity and sequence specicity.
The major advantages of PNAs are the resistance to enzymatic biodegradation by proteases and nucleases, and the higher chemical/thermal stability over their duplexes with DNA or RNA strands with respect to dsDNA and dsRNA. These features make PNAs an attractive tool for gene therapy, where the poor in vivo stability of nucleic acids and their ineffective uptake by target cells hamper translation to the clinic of effective platforms developed in in vitro cell assays. To pursue this end, however, it is necessary to enhance PNA bioavailability by conjugation to additional agents. Indeed, PNA major drawbacks are poor solubility in physiological media and very low ability to pass the cellular membranes.
The conjugation of PNA strands to superparamagnetic iron oxide nanoparticles could address these drawbacks, improving for example PNA solubility and cell permeability and, in a more general sense, improving its potential in biology and medicine. In fact, the system SPION-PNA can be suitable for gene analysis in diagnostics and gene therapy by taking advantage, on one hand, of ability of PNA to target in a very specic manner DNA and RNA sequences, and on the other hand by exploiting the superparamagnetic properties of nanoparticles, whose potential in biomedicine is well established. Very few studies appeared in the literature on the binding of PNA to magnetic iron oxide nanoparticles. 8, 9 In the most recent report 9 the covalent binding was obtained by a multistep procedure, involving functionalization of the surface of naked magnetite nanoparticles with 3-aminopropyltriethoxysilane, followed by reaction with acryloyl chloride, to give acrylamide-graed SPION, radical polymerization and further covalent functionalization of the polymer coating with streptavidin. Pyrrolidinyl PNA previously functionalized with biotin was nally conjugated to the nanoparticles, via specic biotin-streptavidin interaction. A versatile and effective synthetic platform for graing PNA oligomers to naked commercial maghemite NPs had been previously developed, 8 based on the high affinity of siloxane group for iron oxide. However, the solubility of the PNA-based hybrid nanostructures obtained by this method was not satisfactory. 8 Here we describe a novel synthetic strategy, which gives access to hybrid inorganic-organic systems made of iron oxide nanoparticles and PNA strands, for applications as contrast agents for MRI and heat mediators in MFH. The method here reported combines easiness and efficacy with the possibility to tune the SPION size, and allows the obtainment of magnetic PNA with good water solubility.
Results and discussion

Synthesis of the iron oxide nanoparticles
The synthesis of highly monodisperse magnetic iron oxide nanoparticles was extensively addressed in the last years by many research teams. The discovery of thermal decomposition methods enabled a dramatic increase of monodispersion, 10 but reproducibility issues are not yet entirely overcome. Actually, many factors affect the size and the crystallinity, and then the magnetic properties of the sample, such as the precursor nature, the heating ramp, the aging time and temperature, the solvent, the molar ratio between the iron precursor and the surfactant.
Here we adopted a synthetic methodology in which the iron(0) precursor Fe(CO) 5 is decomposed in high-boiling 1-octadecene, in the presence of oleic acid (OA) as capping agent.
11 The literature procedure used a 4 : 1 OA : Fe molar ratio that gave spherical SPION with an average diameter of 10 nm. It is known that the SPION size can be tuned by varying the relative concentrations of iron precursor and capping agent. 12, 13 In line with this, on increasing the OA : Fe ratio (see Table 1 ) we found a concomitant increase both of the hydrodynamic diameter (measured by dynamic light scattering analyses, DLS, Fig. S1 ESI †) and of the diameter measured by transmission electron microscopy (TEM, Fig. S2 in ESI †). The size increment was dramatically sensitive to OA : Fe ratio, as can be clearly observed in the graphs reported in Fig. S3 (ESI †). As expected, the mean particle size distributions measured by DLS were signicantly larger than the ones obtained by TEM measurements, since DLS returns a hydrodynamic diameter that takes into account not only the magnetic core, but also the OA shell, and the corona shell of solvent interacting with OA, that jointly uctuates by Brownian motions.
The SPION7 sample, obtained with an OA : Fe ratio equal to 7, consisted in highly spherical monodisperse nanoparticles with a mean diameter of 17.0 nm. This sample was chosen for carrying on the work, because its size grants for the highest hyperthermic efficiency among the series of samples. Moreover, the other two samples exhibited several shortcomings (polydispersion, polycrystalline/amorphous structure), which are detrimental for their magnetic properties. Furthermore, the size of SPION7 allows reaching stability once dispersed in water (see below), avoiding possible aggregation favoured by the high magnetic moment of bigger nanoparticles, the last effect highly undesirable for biomedical applications. Therefore, the core of all the nanosystems described hereaer was constituted by the SPION7 sample, even if not explicitly stated.
Chart 1 A peptide nucleic acid repeating fragment. The population with a larger size (78 nm) observable in Fig. S1 (ESI) represented only a very minor fraction of the whole sample (1.5%, according to the DLS number distribution). b A population with a smaller size (13.5 AE 3.4 nm) was also observed by TEM, probably due to uncompleted Ostwald ripening (Fig. S2, ESI) .
In order to impart the necessary water solubility and biocompatibility, the oleate layer was exchanged with dimercaptosuccinic acid (DMSA). Actually nanoparticles coated by DMSA are stabilized over a wide pH range by the electrostatic repulsion arising from the negative charge present on their surface even at relatively low pH values (pK a of DMSA: 2.71, 3.43, 9.65, 12.05).
14 Besides providing SPION stability in physiological conditions, DMSA offers the further benet of two functional groups (COOH and SH), which both can be exploited for the covalent bonding of a variety of organic molecules.
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To perform the ligand exchange we used a literature methodology 16 (see Scheme 1), modied by the use of sonication during the reaction, which allowed a signicant shortening of the exchange time (40 min vs. 12-24 h of the literature procedures), while maintaining the quasi-quantitative recovery of the water-dispersed SPION.
The so obtained SPION@DMSA suspensions, stocked at 4 C under N 2 at pH > 9, were very stable for several months. The zpotential (Fig. S4 , ESI †) was negative even at quite low pH, as expected from the above reported pK a values. DLS measurements performed on samples at pH 9 showed (Fig. S5 , ESI †) in the distribution size graph (intensities) two distinct peaks centred at 146 AE 42 nm and 44 AE 8 nm, indicating a certain degree of aggregation. However, the hydrodynamic distribution by numbers showed that the aggregated population represented only a minority of the whole sample of suspended particles (2.5%).
The morphology of DMSA-stabilized SPION was investigated by Tapping Mode Atomic Force Microscopy (TM-AFM), which showed that the nanoparticles maintained the spherical-like shape observed before ligand exchange (see Fig. 1a ). By analysis of several images, the overall size (magnetic core and DMSA shell coating) was estimated as 20.6 AE 2.0 nm (averaged value over 40 observations), in the same range as observed by TEM for precursor SPION@OA, and signicantly smaller than the value measured by DLS for SPION@DMSA, due to the contribution to the hydrodynamic diameter of the solvating water that surrounds the NPs.
AFM phase images have also been acquired, to evidence the coating shell surrounding the iron core. Such images are produced by mapping the phase angle shis across the Scheme 1 The ligand exchange procedure affording the SPION@DMSA here used for PNA conjugation. Different binding modes of the carboxylate groups on the magnetite surface are depicted in the scheme, 16 taking into account also the possibility of oxidative coupling of SH groups. sample, 18 which bring information about mechanical properties besides the topography features. As shown in Fig. 1b , AFM phase image allows the visualization of the so NP coating (white areas) as well as of their stiffer magnetic core (darker areas).
Preparation of PNA decamers 1 and 2
To study the conjugation of the PNA strand onto SPION@DMSA, we selected, as model, a PNA decamer sequence containing all four nucleobases, namely GTAGATCACT. Since DMSA contains two different functional groups (-COOH and -SH), we synthesized the two PNA sequences 1 and 2 (Chart 2), displaying a terminal free amine group and a maleimido group, respectively, to verify the possibility of conjugation of PNA onto SPION through the amide bond formation reaction between PNA 1 and -COOH groups of DMSA, or through a Michael-type addition between PNA 2 and -SH groups of DMSA.
For this purpose, the resin-supported PNA decamer 3 (Scheme 2) was prepared by an automated solid-phase synthesis, using standard Boc/Z chemistry (see Experimental). The corresponding PNA decamer 1 was then obtained through the acidic treatment of Boc-3 (Scheme 2), which enables the cleavage of PNA 1 from the resin, removing at the same time all the Boc/Z protecting groups, followed by RP-HPLC purication of crude 1 (see Experimental). The preparation of PNA 2 was accomplished through the introduction of the maleimido moiety using p-maleimidobenzoic acid (4), 19 which was manually coupled to the terminal NH 2 group of the resin-supported PNA 3 by forming the amide bond with HATU as the condensing agent (eqn (b) in Scheme 2).
Thanks to the stability of the maleimido group toward the strong acidic conditions used for the cleavage of PNA from the resin, PNA 2 could be easily obtained from resin 5, and puried by RP-HPLC. The purity and identity of PNA 1 and 2 were conrmed by HPLC and MALDI-TOF analyses.
Conjugation of PNA to SPION
For the conjugation of the PNA strand to SPION, the two methods depicted in Scheme 3 were investigated. The widely used 20 coupling reaction between COOH and NH 2 groups, mediated by the zero-length cross linker EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride), was performed in the presence of NHS (N-hydroxysuccinimide), which gave the corresponding succinimidyl ester of the COOH groups, more stable in the aqueous environment then the corresponding isourea intermediate ester (bottom of Scheme 3). This link strategy has been previously used also for binding functional molecules (such as PEG, 21 2-deoxyDglucose, 22 or the NIRF dye IRDye800CW 23 ) to the surface of NPs covered with DMSA. Unexpectedly, in our case this method did not work well. Some irreversible aggregation was observed (even in repeated trials) just a few minutes aer the addition of EDC$HCl to the initially clear suspension of SPION@DMSA and NHS, which likely hampered the subsequent conjugation with PNA 1. In fact, the elemental analysis of the isolated nal product clearly indicated that PNA was not the main species linked to the SPION surface, the measured C/N ratio being much higher (2.16, aer subtraction of the carbon content due to DMSA, see Table 2 ) than expected for bound PNA (1.60).
A different approach was therefore developed, involving the Michael addition of a thiol group of DMSA to the double bond of the maleimide-functionalized PNA 2 (top of Scheme 3). An Ellman's assay was preliminarily performed, to assure the presence of accessible SH groups on the SPION surface (see ESI †).
Moreover, before moving to the study of the conjugation of PNA 2 onto SPION@DMSA, the feasibility of the addition of SPION surface SH groups to a maleimide moiety was tested using a maleimide-rhodamine B adduct, expressly prepared by reacting 2-(aminoethyl)-maleimide with rhodamine-B isothiocyanate, as depicted in Scheme S1 (ESI †) and detailed in the Experimental.
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The reaction between the rhodaminemaleimide adduct and SPION@DMSA was conducted for 24 h at room temperature in the dark, to avoid the early photochemical decomposition of the chromophore. Aer accurate washing of the SPION (see Experimental), to remove all the unreacted chromophores, an UV-Vis spectrum of the suspension showed the superposition of the typical rhodamine peaks at 528 and 559 nm with the broad absorption/scattering prole of iron oxide SPION (Fig. S6 , ESI †). The UV-Vis spectrum of the supernatant, measured aer a further centrifugation cycle, showed very weak absorptions, due both to rhodamine and iron oxide SPION, attributable to the slight fraction of nanoparticles not removed in the centrifugation procedure. This indicated that the maleimide-rhodamine adduct had been really graed to SPION, further conrming the presence on the nanoparticle surface of SH groups suitable for the Michael addition reaction.
On the basis of these results, the functionalized PNA 2 was reacted with SPION@DMSA, and the Michael addition was completed in 4 h at room temperature at neutral pH, under ultrasonic irradiation. The colloidal suspension, which remained clear throughout the coupling procedure, was centrifuged to isolate the functionalized nanoparticles (SPION@DMSA-Mal-PNA), while removing the unreacted PNA excess.
Characterization of SPION@DMSA-Mal-PNA
TEM images (Fig. 2 ) collected on the SPION@DMSA-Mal-PNA demonstrated that, as expected, the conjugation process did not affect neither the morphology nor the average size of the NP magnetic cores. Moreover, DLS measurements showed the same size distribution with respect to the unfunctionalized SPION@DMSA ( Fig  S5, ESI †) , proving that the conjugation of NPs to PNA did not affect the aggregation state.
The UV-Vis spectrum of SPION@DMSA-Mal-PNA suspended in water is reported in Fig. 3 together with that of the SPION@DMSA precursor. Their spectral difference (blue trace of the inset) clearly highlights the presence of the typical absorption peak of PNA nucleobases at 260 nm, slightly shied with respect to the position (250 nm) for the free maleimide-PNA sequence (green trace in the inset), in line with previous evidence obtained on maghemite-PNA adducts.
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The adducts have also been investigated by FTIR spectroscopy and Fig. 4 compares the spectrum of SPION@DMSA-Mal-PNA (lower trace) with that of SPION@DMSA (upper trace). In the latter trace, the absorption at 589 cm À1 is attributable to the Fe-O-Fe stretching modes of the spinel structure of magnetite, 17, 26 while the presence of DMSA is indicated by the weak absorptions at about 2900 cm À1 (due to aliphatic n CH modes), and by the broad bands at 1632 and 1396 cm À1 , which are related to the asymmetric and symmetric stretching of the COO À groups of DMSA. 27 The strong and broad n OH band at ca. 3400 cm À1 indicates the presence of water on the nanoparticle surface, and therefore the absorption at 1632 cm À1 also includes contribution from the OH bending modes. The main difference between the two traces of Fig. 4 is constituted by the presence in the lower trace of a series of relatively weak absorptions in the 1100-1400 cm À1 region, due to the C-N stretching modes of the nucleobases and of the PNA amide skeleton. 28 The nucleobases and the amide CO groups of PNA also contribute to the broad absorption at ca. 1660 cm À1 , which is more intense and slightly shied with respect to the spectrum of the SPION@DMSA precursor.
To prove the effectiveness of the addition of PNA 2, elemental analyses were performed on the dried nanoparticles. Data are reported in Table 2 .
The analyses showed the expected signicant increase of the C and N content aer interaction with PNA (the H% values were not considered, since the use of water as solvent affects the reliability of these data). Noteworthy, the C/N ratio for the SPION@DMSA-Mal-PNA adduct (aer subtraction of the DMSA contribution) was in perfect accord with the calculated value for the Mal-PNA strand here used. On these bases, the PNA loading onto the SPION@Mal-PNA was calculated to be about 14% w/w, corresponding to a molar ratio of ca. 1 : 15 with respect to DMSA. Each SPION@DMSA-Mal-PNA nanoparticle, which is covered by ca. 6000 DMSA molecules, is therefore loaded with ca. 400 PNA strands.
On the contrary, the C/N ratio for the nanoparticles SPION@DMSA-PNA prepared from PNA 1 (Scheme 3) was much higher than the one of PNA, suggesting that, as above discussed, the sample was largely contaminated by impurities with a higher C/N ratio, likely deriving from reagents (EDC, NHS) used in the coupling procedure and only partially removed.
Finally, z-potential measurements on the SPION@DMSA-Mal-PNA colloid (Fig. 5) showed a decrease of the negative surface charge with respect to SPION@DMSA, from À44.5 AE 1.0 mV to À27.7 AE 4.0 mV, in line with the bonding of a positively charged species such as PNA to the negatively charged native nanoparticles. 
Magnetic and relaxivity properties of SPION
Thermal energy released by SPION during the action of an alternating magnetic eld is the crucial parameter for the success of the MFH treatment. The capability of releasing heat is normally quantied by the SAR (Specic Absorption Rate), which describes the absorbed power per mass unit. In the linear regime, i.e. when the magnetization varies linearly with the magnetic eld (low eld amplitude and low energy barrier compared to thermal energy) the SAR depends on the eld parameters and on the intrinsic properties of the SPION (eqn (1)), 29a where n and H 0 are the frequency and amplitude of the oscillating eld, M S is the saturation magnetization, T the temperature, k B the Boltzmann constant, r the mass density, V the particle volume and s the time required by the particle's magnetic moment to reverse its orientation.
Thus, to maximize the SAR, SPION must exhibit specic magnetic characteristics. 29 Indeed, despite the SAR can be also increased by using high frequencies and high magnetic elds, these parameters cannot be increased above a xed threshold, due to severe limitation imposed by the biological systems. 30 On one hand, the SAR reaches its maximum value when the reversal time equals the time of the magnetization corresponding to the working frequency n ¼ 183 kHz, i.e. s ¼ 1/(2pn). For magnetite NPs this condition is satised for size in the 16-19 nm range 31 as is the case of SPION7. On the other hand, larger SAR will be obtained with higher saturation magnetization, which therefore should be as close as possible to the bulk magnetite value (92 emu g À1 ).
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Magnetic measurements were performed on powder samples of SPION7, (which is here indicated simply as SPION, as stated at point 2.1 above) both before and aer the ligand exchange, using a SQUID magnetometer. The main magnetic parameters of the measured samples are listed in Table 3 .
As shown in Fig. 6a the zero eld cooled-eld cooled (ZFC-FC) magnetizations of SPION@OA display the characteristic blocking process of single domain NPs. The FC magnetizations exhibit a plateau at low temperature, which can be ascribed to interparticle interactions, which are not negligible when NPs are measured as dried powders. The blocking temperature, estimated as a rst approximation from the maximum of the ZFC curve, is T B ¼ 250 K, indicating that at room temperature the NPs are in the superparamagnetic regime, which is a fundamental requisite for the proposed applications. This result is conrmed by the absence of remanence (Fig. 6b ) observed in the room temperature magnetization vs. eld curve. Conversely, at low temperature (Fig. 6c) magnetic irreversibility is observed, with a coercive eld H C ¼ 500 Oe and reduced remanence R ¼ M R /M S ¼ 0.3, comparable with the data reported in the literature for magnetite nanoparticles of similar size.
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Most importantly, the saturation magnetization is high (M S ¼ 85
gives a magnetic moment value per particle, m, of ca. 5 Â 10 4 m B , which is consistent with the size and magnetization of the NPs, conrming their good quality. The magnetic data of SPION@DMSA reported in Fig. 6d -f show that the ligand exchange does not affect the good magnetic characteristics: T B lower than room temperature, no remanence at 300 K and high M S value. The same holds true for the NPs aer their conjugation to PNA (Fig. S7, ESI †) .
Magnetic hyperthermia measurements were made by recording the evolution of temperature of the SPION@DMSA samples dispersed in water (0.77 mg mL À1 Fe) exposed to an alternating magnetic eld of 17 kA m À1 and 183 kHz for 5 minutes. The temperature kinetics is shown in Fig. 7 . Despite the small temperature increase observed, the sample has a remarkable SAR ¼ 65 W g À1 Fe, which makes it a suitable candidate for future application in MFH treatments. The ability of SPION@DMSA to affect water nuclear relaxation times was also measured, to evaluate their effectiveness as MRI contrast agents. In Fig. 8 the 1 H-NMR dispersion (NMRD)
proles for SPION@DMSA as well as for SPION@DMSA-Mal-PNA are reported, where the nuclear longitudinal (r 1 ) and transverse (r 2 ) relaxivities were evaluated in the usual way (eqn (2)), in which (1/T i ) meas indicates the measured value on the sample with iron concentration c ¼ 0.5 mmol L À1 , and (1/T i ) dia the nuclear relaxation rate of the water used as host solution.
It can be evinced that the sample is able to effectively shorten both longitudinal (T 1 ) and transverse (T 2 ) relaxation times, and therefore it strongly enhances the correlated relaxivities.
In particular, the r 2 (the crucial parameter for a superparamagnetic iron oxide material) is 2 or 3 times higher than the corresponding value of the commercial contrast agent Endorem® at the typical frequencies of the clinical instrumentation [ca. 8.5, 21.3 and 63.9 MHz (magnetic elds of 0.2, 0.5 and 1.5 T, respectively)]. Furthermore SPION@DMSA possess better r 1 values (more than one order of magnitude) with respect to the routinely used positive contrast agent Dotarem® (see inset in Fig. 8a ) at those frequencies/elds. This property opens the possibility to use SPION@DMSA as positive and negative contrast agent at the same time, depending on the experimental parameters used in the pulse NMR sequences during the acquisition of MR images. 35 Interestingly, SPION@DMSA shows no difference between r 1 and r 2 at the zero eld limit (see inset in Fig. 8b ) as predicted by theory, an experimental result obtained only recently in the literature.
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The equivalence of r 1 and r 2 at low proton Larmor frequencies would have been unattainable if our sample was not well dispersed in water without any unwanted particle aggregation.
The slight inuence of the functionalization with PNA on the relaxivity values is explained by two characteristics of SPION@DMSA-Mal-PNA: on one side the higher steric hindrance as evinced by AFM (NP overall size ¼ 25.6 AE 2.6 nm (averaged value over 38 observations)), and on the other side the poor solubility of PNA sequence. Both these properties oblige the water molecules to stay slightly further from the magnetic core of the SPIONs or, at least, to follow a more difficult pathway if compared to the case of SPION@DMSA. Consequently, mildly lower values for the r 1 NMR dispersion prole and for low proton Larmor frequencies of r 2 are found, while substantially the same r 2 values of SPION@DMSA sample are obtained at n > 0.1 MHz. Therefore, the PNA presence did not inuence signicantly the relaxivity efficiencies of these nanosystems, whereas the functionalization provides a signicant added value.
Conclusions
A novel and effective strategy for binding PNA oligomers onto the surface of superparamagnetic iron oxide nanoparticles has been developed. All the requirements that stimulated this work have been fullled, and some of the drawbacks shown by previous literature reports have been overcome. The control of the size of the magnetic core for the diagnostic and therapeutic applications is ensured by the use of thermal decomposition synthetic route. The desired water solubility and the colloidal stability are provided by the coating with DMSA. The stable linking of SPION to PNA oligomers is given by the efficient Michael addition of maleimide-functionalized PNAs to the SH groups of DMSA graed to the nanoparticle surface.
A detailed characterization of the morphological, magnetic and relaxivity properties of the SPION, which have been further conjugated to PNA, showed that these nanoparticles are wellsuited to increase both the positive and negative contrast of magnetic resonance imaging and to rise the temperature of their surroundings when subjected to an alternating magnetic eld (with a SAR as high as 65 W g À1 ). Noteworthy, the conjugation of PNA to NPs did not affect their magnetic and relaxivity properties. The approach here described, therefore, produces multimodal hybrid organic-inorganic nanomaterials, that can act as dual (T 1 and T 2 ) MRI contrast agents, as efficient hyperthermia promoters and as PNA carriers. To fully exploit the theranostic potential of these nanohybrids, future work will explore the replacement of the standard PNA sequence, here used for setting the method, with PNA oligomers designed for targeting specic non-coding microRNAs (miRNA), 37 whose dysregulation has been implicated in a variety of pathologies, such as inammatory and autoimmune diseases, neurological disorders, as well as several types of cancer. 
Experimental part
Materials
All the reagents have been purchased by Sigma Aldrich (reagent grade) and used without further purication, if not otherwise specied. The PNA decamers were synthesized with standard automated Boc-based chemistry using commercially available monomers purchased from ASM Research Chemicals (Burgwedel, Germany). Polystyrene bead carrying 4-methylbenzhydrylamine hydrochloride salt groups (MBHA resin, 0.63 mmol g À1 )
was purchased from VWR International, and it was downloaded to 0.2 mmol g À1 with the thymine monomer Boc-PNA-T-OH as described elsewhere. 
Instruments and methods
Automated solid phase synthesis of resin-supported PNA 3 was performed with peptide synthesizer ABI 433A of Applera Italia, according to Applied Biosystems ABI 433A Peptide Synthesis 3 mL Reaction Vessel User's Manual for the MBHA resin. The soware for peptide synthesis was Synassist 2.0. Mass spectra were recorded on a ESI-Q-Tof Micro-Waters (Waters Corporation, Milford, MA), in the data-dependent acquisition and positive ion mode.
The reverse-phase RP-HPLC analyses were performed on Agilent 1100 series system, equipped with DAD analyser. The PNA purication was performed by RP-HPLC with UV detection at l 260 nm using the semi-preparative column Luna C18 (25 cm Â 10 mm, 5 mm), eluting with H 2 O containing 0.1% TFA (eluent A) and CH 3 CN containing 0.1% TFA (eluent B); elution gradient: from 90% A to 50% B over 30 min; ow rate: 3 mL min
À1
. The purity of PNA was evaluated by RP-HPLC using analytical column Luna C18 (25 cm Â 4.6 mm, 5 mm), eluting with H 2 O containing 0.1% TFA (eluent A) and CH 3 CN containing 0.1% TFA (eluent B); elution gradient: from 95% A to 100% B over 60 min; ow rate: 1 mL min
. High resolution NMR experiments were performed on a Bruker Model DRX400 spectrometer, equipped with a Bruker 5 mm BBI Z-gradient probe head capable of producing gradients with a strength of 53.5 G cm
. Infrared (IR) spectra were acquired on a Perkin-Elmer Spectrum BX FT-IR instrument. Samples were dispersed in KBr and pressed in a pellet. The IR spectra were registered between 4000 and 400 cm À1 . Electronic absorption spectra were recorded on an Agilent Model 8543 spectrophotometer at room temperature and using quartz cells with 1.0 cm path length.
Metal content on SPION was determined by AAS analysis on a Perkin-Elmer Pinaacle 900 instrument and for SPION7@DMSA was further conrmed by a spectrophotometric method. For AAS analysis few microliters of particle suspension were digested with 1 mL aqua regia/HCl overnight at RT in a 10 mL volumetric ask, and subsequently lled up with milliQ water. For spectrophotometric analysis few microliters of particle suspension were digested with 1 mL aqua regia/HCl at RT in a 10 mL volumetric ask and then lled up with (i) NH 2 OH solution (10% w/ w, 0.1 mL), (ii) acetate buffer solution (pH 4.6, 0.15 M, 6 mL), (iii) 1,10-phenantroline solution (0.6% w/w, H 2 O/MeOH 10 : 1, 0.2 mL) (iv) milliQ water. The absorbance at 510 nm was then measured with an UV-Vis spectrophotometer and plotted against standards prepared with the same procedure starting from a commercial AAS standard solution.
Elemental C, H, N analyses were performed on a Perkin Elmer CHN 2400 instrument.
DLS and z-potential measurements were carried out on a Zetasizer Nano ZS instrument (Malvern Instruments Corp., Malvern, Worcestershire, UK) at a wavelength of 633 nm with a solid state He-Ne laser at a scattering angle of 173 , at 298 K on diluted samples (0.01-0.1 mg mL À1 nanoparticles) at pH 7.
Each hydrodynamic diameter as well as z-potential were averaged from at least three measurements.
Average diameter and size distribution of the SPION were determined from TEM images recorded using a CM12 PHILIPS transmission electron microscope operating at 100 kV. Samples were prepared by drop drying a dilute solution of the samples onto 200 mesh carbon-coated copper grids. The recorded micrographs were further analyzed with the FIJI® soware. The mean diameter and size distribution of each sample were obtained from a statistical analysis over 400 SPION.
The NMR-dispersion proles were measured on water suspensions of each sample. Longitudinal and transverse nuclear relaxation times, T 1 and T 2 , respectively, were evaluated over the range 10 kHz to 60 MHz for the 1 H (proton) Larmor frequency, corresponding to an applied magnetic eld in the range 2.3 Â 10 À4 to 1.41 T. In order to cover such a wide range, two different instruments were used: a Stelar Spinmaster with a standard electromagnet for the range: 10-60 MHz; and a Stelar SMARtracer, working with the Fast-Field Cycling technology, for the low and very low elds' range, corresponding to 10 kHz to 10 MHz. In the rst case, standard pulse sequences were selected, that is, saturation recovery for T 1 and Car-Purcell-MeiboomGill (CPMG) for T 2 . For the very low eld range (y < 3.7 MHz for T 1 and y < 4 : 2 MHz for T 2 ), ad hoc pre-polarized sequences were used to increase the NMR proton signal. AFM imaging was performed using a Nanoscope Multimode IIId AFM (Bruker, Santa Barbara, CA, USA). Tapping-mode AFM images were collected in air using the root mean square amplitude of the cantilever as the feedback signal for the vertical sample position. The mica support (Ted Pella, CA, USA) was glued to a metal disk that was magnetically xed to the AFM sample holder. Rectangular silicon nitride probes with nominal spring constant around 2.5 N m À1 (NSG01, NT-MDT, Russia) and cantilever length of 120 mm were used for the tapping-mode imaging. The cantilever resonance frequency was about 130 kHz. The root mean square free amplitude of the cantilever was approximately 15 nm and the relative set-point above 95% of the free amplitude.
Images were recorded at $1 Hz line rate, and a resolution of 512 Â 512 pixels per image was chosen. AFM images were subjected to a line-by-line subtraction of linear background ("attening"), to eliminate sample tilt from the images and correct for stepwise changes between individual scan lines by using the Nano-Scope III soware (version S.31R1, Bruker, USA). Magnetic measurements were performed using a Quantum Design MPMS SQUID magnetometer operating in the 1.8-350 K temperature range and with an applied eld up to 50 kOe. Measurements were performed on pressed powder of SPION sample. All data were corrected for the diamagnetic contribution of the sample holder, and were normalized to the amount of magnetic material as evaluated from elemental analysis. Zero Field Cooled-Field Cooled (ZFC/FC) curves were obtained by measuring the temperature dependence of the magnetization applying a probe magnetic eld (50 Oe), aer cooling the sample in the absence (ZFC) or in the presence (FC) of the eld. A rough estimate of T B value accuracy is given by the half interval between the temperatures of two subsequent acquisition points, i.e., 2.5 K. The eld dependence of the magnetic moment (M vs. H) was measured cycling the eld between AE50 kOe at 2.5 K and 300 K. The accuracy of H C , M R and M S evaluation can be estimated as low as 3%.
The determination of Specic Absorption Rate (SAR) was performed through calorimetric measurements by recording temperature kinetics of SPION suspension exposed to an alternating magnetic eld. Measurements were performed adapting a commercial setup, composed by a 6 kW Fives Celes power supply, a water-cooled induction coil and a series of variable capacitors (420 nF to 4.8 mF) for setting the required frequency. Such resonant RLC circuit is able to produce an alternating magnetic eld in the range of 50-400 kHz and with amplitude up to 19.1 kA m
. The frequency and eld amplitude values used in this work (183 kHz, 17.0 kA m À1 ) were chosen in order to operate under the physiological limit, Hn < 5 Â 10 9 A m À1 s
, beyond which deleterious responses of living tissues are observed. The sample was placed in the middle of the induction coil, inside a polystyrene sample holder placed in a glass Dewar connected to a glycol thermal bath in order to isolate the sample bath from the thermal gradient of the coils and from the environment. The real amplitude of the magnetic eld was determined by a AMF Life Systems high frequency probe. Measurements of the sample temperature were performed by an optical ber thermometer connected to a digital temperature recorder (Fotemp). The SAR values were calculated using the equation SAR ¼ (S i m i c i /m me )(DT/ Dt), where DT is the temperature increase in the interval of time Dt, m me is the total mass of metal, m i is the mass in grams of the ispecies and c i is its specic heat. The sum is extended to all the i species involved in the heat exchange. Since the measurements are carried in non adiabatic conditions, the DT/Dt values were extrapolated for t z 0 from temperature kinetic curves, by considering the initial slope.
Synthesis of SPION7@OA
The synthesis of SPION was performed following a slightly modied literature procedure.
11 Briey, in a 50 mL three-necked round bottom ask 13.9 mmol of oleic acid (4.38 mL, d ¼ 0.895 g mL À1 ; 70% purity) and 2 mmol of Fe(CO) 5 (236 mL, d ¼ 1.49 g mL À1 ) were dissolved under inert atmosphere in 4 mL of 1-octadecene. This solution was then heated from room to 320 C at a rate of 15 C min À1 and reuxed for 3 h. During this time the reddish solution turned to black. The solution was then cooled to 120 C at a rate of 5 C min À1 and maintained at that temperature for 2 more hours in air to allow oxidation of Fe(0). The solution was cooled down to room temperature at a rate of 5 C min À1 . The SPION were subsequently isolated by centrifugation of the reaction mixture aer addition of ca. 70 mL of acetone (3Â at 7197 round centrifugal force, rcf) followed by removal of the yellow supernatant. The isolated particles were then re-suspended in 15 mL of hexane and stored under nitrogen atmosphere at À25 C for further uses.
centrifuged (4 min, 7197 rcf) to remove the excess oleic acid. The nanoparticles were then suspended in 9 mL of hexane and moved to a Schlenk ask under nitrogen atmosphere. To this suspension a solution of DMSA dissolved in acetone (43.5 mg in 9 mL) was added, followed by 15 mL of TEA. The Schlenk ask was then moved to an ultrasonic bath and the reaction mixture was kept at 50 C for 40 min, maintaining the suspension under nitrogen atmosphere for the whole sonication time. The SPION were then collected with a magnet and then centrifuged rst with 20 mL of acetone (10 min, 7197 rcf) and then with 20 mL of water (30 min, 7197 rcf). The washed SPION were then resuspended in 10 mL of water and stored under nitrogen atmosphere at 4 C for further uses.
Preparation of the resin-supported PNA decamer 3
Automated solid phase synthesis was performed on an ABI 433A peptide synthesizer in a reactor of 3 mL on a 20 mM scale using Boc strategy. The MBHA resin downloaded with thymine monomer (100 mg, 0.2 mmol g À1 ) was swollen with CH 2 Cl 2 , the 4.6 Synthesis of PNA decamer 1 50 mg of resin was washed with TFA (2 Â 200 mL) and then stirred for 1 h with a solution of TFA/TFMSA/thioanisole/mcresol 6 : 2 : 1 : 1 (500 mL). The mixture was ltered and the resin washed with TFA (4 Â 200 mL). The ltrate was concentrated, and Et 2 O (5 mL) was added to precipitate PNA as a white solid. Centrifugation of the slurry gave the product, which was washed with Et 2 O (3 Â 5 mL), and dried. The crude product was puried by RP-HPLC to afford the decamer 1 as a colourless solid (15 mg 
Synthesis of PNA decamer 2
The resin 3 (50 mg, 0.2 mmol g À1 ) was swollen with CH 2 Cl 2 (3 mL) for 1 h, then the Boc group of the last monomer of the sequence was removed by treatment with a solution of TFA/mcresol (95 : 5). The resin was rinsed with CH 2 Cl 2 and NMP. In a vial, a solution of DIPEA (17 mL, 0.1 mmol, 10 eq.) and the pmaleimidobenzoic acid (11.9 mg, 0.055 mmol, 5.5 eq.) in NMP (0.4 mL) was added to a solution of HATU (19.0 mg, 0.05 mmol, 5 eq.) in NMP, and the resulting mixture was shaken for two minutes. The activated mixture was then added to the resin and shaken for 2 h. The resin was then washed with TFA (2 Â 200 mL), and subsequently stirred for 1 h with a solution of TFA/ TFMSA/thioanisole/m-cresol 6 : 2 : 1 : 1 (500 mL). The mixture was ltered, and the resin washed with TFA (4 Â 200 mL). 
Preparation of SPION@DMSA-PNA
The SPION@DMSA carboxyl groups were rst activated by adding 12.4 mg EDC (0.065 mmol) and 46 mg NHS (0.4 mmol) to 5 mL of SPION@DMSA water suspension (0.56 mg mL À1 Fe).
The addition of EDC apparently destabilized the nanoparticle colloid, resulting in visible aggregation. The suspension pH was then changed to 4.5 by careful addition of HCl and the activation reaction continued for 2 h in an ultrasonic bath. Then the activated SPION were added dropwise to a solution of 5 mg PNA 1 dissolved in 0.5 mL of CH 3 CN and 1 mL of phosphate buffer (pH 8, 5 mM). The suspension pH was adjusted to 8 by careful addition of NaOH solution. The reaction mixture was rst placed in an ultrasonic bath and le under ultrasonic irradiation for 2 h at room temperature and then le on a shaking plate overnight. The nanoparticles were then puried via centrifugation with water (3Â, 15 min, 7197 rcf) and subsequently collected in a Schlenk ask under inert atmosphere.
Ellman's essay
An aliquot of 200 mL of SPION@DMSA suspension (0.56 mg mL À1 Fe) was diluted with 3 mL of phosphate buffer (pH 8.3, 0.05 M). To this suspension 1 mL of Ellman's reagent solution (3 mg dissolved in 10 mL phosphate buffer) was added. As a comparison two solutions, containing only SPIONs and only Ellman's reagent, respectively, were prepared. Aer 90 min of incubation in the dark the suspensions were centrifuged and the supernatant absorbance at 412 nm was measured by UV-Vis spectroscopy (Fig. S8 , ESI †).
Synthesis of the rhodamine B-maleimide adduct
The synthesis (depicted in Scheme S1, ESI †) involved at rst the preparation of mono-protected N-Boc-ethylenediamine, that was performed according to a literature procedure. 39 N-(2-Aminoethyl)maleimide was then prepared by another literature method, 40 and reacted with rhodamine B isothiocyanate, in an NMR tube under nitrogen atmosphere: 3.3 mg of rhodamine B-NCS (6.15 Â 10 À3 mmol) were dissolved in 0.5 mL of deuterated methanol and treated with 1.6 mg of N-(2-aminoethyl)maleimide triuoroacetate salt (5.12 Â 10 À3 mmol) and 0.85 mL of Et 3 N. The reaction was carried out overnight at RT and its progress was monitored following the decrease of the sharp singlet at 6.91 ppm due to the CH on double bond of N-(2-aminoethyl)maleimide that, once reacted, slightly shied to upper elds (ca. 6.89 ppm) and split in multiple singlets due to the different isomers. The concentration of rhodamine-Bmaleimide adduct was estimated to be 0.006 M using its known molar attenuation coefficient (3 ¼ 87 000 at 559 nm). 
Reaction between rhodamine B-maleimide adduct and SPION@DMSA
In a Schlenk ask under nitrogen atmosphere 100 mL of SPION@DMSA (0.78 mg mL À1 Fe) were diluted with 2 mL milliQ water. To this suspension 17 mL of the functionalized rhodamine solution were added. The reaction was incubated in the dark for 24 h. The nanoparticles were collected by centrifugation (20 min Â 7197 rcf) and re-dispersed in water for three times, in order to remove all the unreacted Rhodamine-B. The puried nanoparticles were then suspended in 2 mL milliQ water and their absorbance was measured via UV-Vis spectroscopy (Fig. S6, ESI †) .
Preparation of SPION@DMSA-Mal-PNA
A suspension of 5 mL of SPION@DMSA (0.56 mg mL À1 Fe) was added to a solution of 5 mg of PNA 2 dissolved in 0.5 mL of milliQ water under inert atmosphere. The pH of the reaction mixture was adjusted to 7 and the reaction carried out under ultrasonic irradiation for 4 h at room temperature. The nanoparticles were then collected with a permanent magnet, resuspended in 5 mL water and centrifuged (3Â, 15 min at 7197 rcf). The isolated SPION were then stored under nitrogen atmosphere.
